Erbium-doped Y203 integrated optical amplifiers are designed for low-threshold operation and 3dB amplification. The most important design parameter for minimal threshold, the erbium concentration, is found to have an optimum value of 0.35 at% for a given waveguide structure with 1.0dBcm -1 background loss. The corresponding threshold power is 7 mW. The pump power to obtain 3dB gain is found to be 22 mW for an amplifier with an optimum erbium concentration of 0.6at% and 2.8cm length. At 30 mW pump power the maximum gain is shown to be 5 dB.
Introduction
Currently there is a lot of interest in erbium-doped integrated optical amplifiers for the third window of telecommunication near 1.5 #m, reasons including their small size, potential integration with light sources and receivers and the use of amplifying waveguides as a loss-compensating component in waveguides and splitters.
There are several reports on the fabrication of erbium-doped optical waveguides, for example [1] [2] [3] [4] [5] [6] , but only in a few cases has amplification been demonstrated [7] [8] [9] [10] [11] . Apart from the fabrication, design is important to create efficient erbium-doped optical amplifiers. To design an erbium-doped amplifier an appropriate model describing the behaviour of the amplifier is required. Extensive modelling has been done for erbium-doped fibre amplifiers [12] [13] [14] but in general these models cannot be applied directly to integrated optical waveguides. Major differences between integrated optical amplifiers and fibre amplifiers are high erbium concentrations leading to ion-ion interactions, high background loss that may not be 0306-8919 O 1994 Chapman & Hall S~)85 neglected, and noncircular waveguide modes and erbium distributions. Models including some of these aspects have been reported [15] [16] [17] [18] [19] and show that the erbium concentration is the key parameter in designing integrated optical amplifiers. We have developed a numerical propagation model for erbium-doped integrated optical amplitiers that combines most of these aspects; for example, mode profile calculated by the Marcatili method, intensity-dependent overlap integrals, background losses, concentration-dependent lifetime and upconversion. The necessary input parameters for the model are experimentally determined from an unoptimized Er : Y203 integrated optical waveguide [20] . Comparison of the measured and calculated gain characteristics provides a validity check of the model. This paper describes the design of a 1480 nm diode laser-pumped integrated optical amplifier using this comprehensive model. The use of laser diode pumping promises a high degree of integration and small packaging but also involves relatively low pump powers. Therefore, a low threshold pump power is an important design parameter. Using the measured parameters and the propagation model, an Er:Y203 optical amplifier with minimal threshold for 1480 nm diode pumping is designed. In addition, the design of 3 dB amplifiers for application in lossless splitters is evaluated and the maximum achievable gain at moderate pump powers is examined.
Propagation model
In this section a model is developed to predict the amplification of a signal at 1535 nm wavelength in erbium-doped waveguides pumped at 1480nm. The numerical propagation model is based on a three-level system. The field profiles of a ridge-type optical waveguide are evaluated by the Marcatili method [21] and the overlap integrals are regarded as being intensity-dependent. The background attenuation of the waveguide is taken into account during propagation. Also, concentration-dependent ion-ion interactions, such as quenching and two-photon upconversion, are incorporated in the model.
We used the 1480nm pump band to excite the erbium ions because this wavelength shows almost no excited state absorption (ESA) [22] , low amplified spontaneous emission (ASE), low background loss and good modal overlap between pump and signal. In our model we have therefore not included ESA and ASE. Other effects we do not consider in our model are three-photon upconversion, erbium concentration gradient in the propagation direction, and nonlinear refractive index. A disadvantage of direct band pumping with 1480 nm is that this wavelength also partly depopulates the excited state by stimulated emission, so that complete population inversion is impossible.
Amplification in a uniform medium
In a uniform erbium-containing medium, erbium atoms are excited by the 1480 nm pump beam from the 4115/2 ground state to the upper part of the 4113/2 band. Then they relax to the lower part of this band, which serves as the starting point for the stimulated transition back to the ground state. The simplified three-level system and the transitions that we used to describe this process are shown in Fig. 1 . The system is irradiated by a pump photon flux ~bp and a signal photon flux ~b s (both in number of photons per m 2 per s). These photon fluxes are related to the intensity I of the light by ~ = I/h u.
The formulation and solving of the rate-equations for this system in CW operation are straightforward [12] . Assuming that the decay rate T32 from level 3 to level 2 is very large compared to the other time constants in the system and that the influence of the signal photon flux on the population can be neglected, which is true when the situation close to threshold is considered, the system can be regarded as a quasi two-level system. The following populations can then be found: (2) where N, N1 and N2 are total, ground-state and excited-state densities of erbium atoms, respectively, the a's are transition cross-sections as defined in Fig. 1 , and r is the radiative lifetime of the excited level.
After propagating a distance dz through an erbium-containing medium, the change d~b of a photon flux ~b is given by d~ = (,~ -~)~dz
Here, c~ and "/ are the amplifying and attenuating contributions, respectively, of the erbium ions. From the transitions in Fig. 1 
Amplification in a waveguide
In a waveguide (oriented along the z-axis), the photon fluxes depend on the x-, y-and z-coordinates in the waveguide. The distribution of the active erbium atoms may depend upon the x-and y-coordinates across the waveguide. From Equations 1 and 4, a position-dependent amplification and attenuation is found:
(aap + aep)~p(X,y,z) + 1/r
In the limit of low amplification, which holds when the model is used for threshold calculations, the normalized distribution of the photon flux (M(x,y)) across the waveguide is completely determined by waveguide geometry, refractive indexes and wavelength. We assumed that all pump and signal power propagates in the fundamental TE00 waveguide mode. While light propagates along the waveguide, only the total modal photon flux (~bm) through the waveguide will vary with z-position. Therefore we can write:
~)s(X,y, z) = (bms(Z)M(x,y) The photon flux distribution M(x, y) can be taken approximately as being equal for pump and signal because the wavelengths are close together and the waveguide dispersion is low in the region around 1.5 #m. To calculate the distribution of the photon flux, a method derived from Marcatili's field shadow method is used [21] .
The distribution of the erbium atoms is taken as z-independent:
N(x,y) = NErD(X,y )
The function D(x, y) describes the distribution of the erbium atoms across the waveguide. This function is normalized to the maximum of the concentration of the erbium atoms. In a waveguide, the propagating mode is amplified or attenuated as a whole. The modal amplification of the signal light (ares(z)) is equal to the overlap-integral of the positiondependent amplification (%(x, y, z)) and the signal beam (~bs(x, y, z)):
The expressions for the attenuation of signal light and the amplification and attenuation of pump light are similar.
Combining Equations 5, 6, 7 and 8 yields
Otmp(Z ) ~-gErflep QS(B* ~mp(Z))
with and the overlap integrals 'Confinement' :
Ion-ion interactions
An important modelling parameter for erbium-doped integrated optical amplifiers is the erbium concentration. In order to achieve a significant gain per unit length, relatively high erbium
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concentrations are needed in comparison with fibre amplifiers, because of the short length of common integrated optic devices. At these high erbium concentrations, energy transfer processes between neighbouring erbium ions influence the population densities. Modelling of high-concentration erbium-doped optical amplifiers should account for these effects. When the erbium ions are close enough to show coupling by Coulomb or exchange interactions, referred to as ion-ion interactions, the energy of an excited ion can be transferred nonradiatively to another ion. Because identical ions are involved, the energy transfer of the excited state is resonant, yielding a rapid migration of the excitation energy. This is known as exciton transfer [25] . Among possible depopulation mechanisms of the excited state are quenching of the exciton and upconversion processes, both of which will be included in the model.
Quenching of the excited state leads to a reduced lifetime by introducing an additional decay channel. The quenching rate depends on the exciton migration and the number and properties of the quenching centres. The energy migration can be described by a diffusion process, where either a diffusion-limited or a fast diffusion case can be distinguished [24, 25] . The concentration-dependent luminescent lifetime ~-can be written as r -~ = To ~ + To ~ (17) where
The lifetime of an isolated ion is given by To, and ql and q2 are coefficients related to the ion-ion transfer probability. In Section 3 it will be shown that Y203 corresponds to the fast diffusion case, whereas YAG, for example, which is a known strong-quenching material, follows the diffusion limited case [24] .
Besides quenching, upconversion [26] can also result in a nonamplifying transition from the excited state. In the case of stepwise upconversion, the energy transfer of two excited ions results in excitation of a higher energy level. Because two excited ions are involved, the upconversion rate is proportional to k2 N], where k2 is an upconversion constant [18, 23] .
Inclusion of this transition in the rate equations results in a quadratic expression for the populations. Solving these equations for the steady-state condition yields a modifying factor to be included in the saturating overlap integral:
P r o p a g a t i o n a l o n g t h o w a v o g u i d o
The differential equation (3) can be transformed to (24) Here, apart from the erbium-related am and %,, a background attenuation constant "[bkg is introduced to account for waveguide losses caused by, for example, scattering. Equations 23 and 24 can be solved simultaneously using a beam propagation method, starting from the given ~bmp and ~)ms at z = 0.
For given waveguide geometry, erbium distribution and wavelengths, the overlap integrals in Equations 15 and 20 depend only on the value of B. fJmp and F. Before computing the beam propagation through the waveguide, the overlap integrals are precalculated for a number of values of B. ~mp and F. When doing the beam propagation calculations, the values of the integrals are found from the precalculated data by interpolation. In this way, the beam propagation calculations can be repeated for different values of all amplifier parameters except geometry, erbium distribution and wavelengths, without having to repeat the time-consuming overlap calculations.
Comparison of the propagation model and analytical results
As a consistency check, the results of the propagation model are compared to those of an analytical solution of Equations 23 and 24 [12] that can be found when background losses and ion-ion interactions are neglected and when the intensity of pump and signal light is assumed to be constant across the active region of the waveguide. This second condition is approximately fulfilled when the active atoms are confined to a region around the centre of the waveguide. For the comparison, the amplifier parameters were chosen to duplicate the parameters used in [12] . These parameters are listed in Table I .
Using both models, the gain as a function of waveguide length is calculated for pump powers of 0.5, 1, 1.5 and 2 mW. The resulting curves are shown in Fig. 2 . In this figure, the saturation parameter s is used as a fit parameter in the analytical model. A fit value of s = 6.9 x 10 14 m -1 s -1 is found.
In the analytical model, the saturation parameter should be calculated from amplifier 
Experiments
The design of a realistic erbium-doped integrated optical amplifier requires first the determination of material and waveguide parameters. We therefore fabricated waveguiding structures based on Er : Y203 films. Y203 is used as host material for the erbium ions because of its high infrared transparency, high refractive index, high potential for rare-earth incorporation, low phonon energy, good physical and chemical properties and the possibility of thin film deposition. Polycrystalline columnar Er : Y203 thin optical films were deposited on oxidized silicon substrates by reactive sputtering using sputterguns [20] . Ridge channel waveguides were formed by photolithography and ion beam sputter etching of these films.
Er : Y 2 0 3 waveguide parameters
Refractive index and thickness of the Er : YzO3 and SiO 2 layers were determined from prism coupling experiments [28] . The ridge step height was measured by a surface profiler and the channel width was determined with a microscope. A typical waveguide cross-section is shown in Fig. 3 Absorption cross-sections ~rap, gas are calculated from the modal attenuation "/m due to the erbium ions by tra = %n/(C" NEr)-This relation can be found from Equations 10 and 12 in the limit of low pump power. C is the overlap integral between the optical mode and the erbium ions as defined in Equation 15 . The erbium ion density NEr was determined by RBS measurements. The total attenuation "y = 7'bkg + "Ym of a waveguide was determined by end-coupling a light beam in the channel waveguide and coupling out the light at various transmission lengths. A representative example of attenuation measurements of pump and signal beam is shown in Fig. 4 . The background attenuation "Yb~g Can be estimated either from attenuation measurements of undoped Y203 waveguides or from an attenuation measurement at a wavelength just beside the erbium absorption band.
The emission cross-sections were determined from the absorption cross-sections by the reciprocity or McCumber method [29, 30] . To check the reciprocity method, emission crosssections are also calculated from the luminescence spectra by the Fuchtbauer-Ladenburg method [29] . The results of both methods compare well, except for the peak wavelength, as shown in Fig. 5 .
The luminescence lifetime was determined from the fast exponential component of the time response decay of guided luminescence to an excitation pulse. In order to determine the concentration dependence of the luminescence lifetime, we performed lifetime measurements for optical waveguides with various erbium concentrations as shown in Fig. 6 . Whereas the measured luminescence decay rate varies linearly with the erbium concentration, the concentration dependence can be modelled by fast diffusion: 1/~-= 1/~-0 + ql "NEr. A fit to this model gives ~-0 = 10.4 ms, which is used as the radiative lifetime in the Fuchtbauer-Ladenburg analysis.
The upconversion coefficient k2 can be determined from the nonexponential luminescence decay of the first excited state [27] , or from the two-photon upconverted luminescence [23] , or from gain measurements [16] . In all these cases the upconversion coefficient is determined by matching of simulations to measurements, where the upconversion coefficient serves as a fit parameter. In the next section the upconversion coefficient is obtained from comparison of gain measurements with our simulations.
Optical amplifier m e a s u r e m e n t s
In order to check the model with experimental data, an unoptimized Er : Y203 optical amplifier was fabricated. The parameters of this amplifier, measured as detailed in Section 3.1, are listed in Table II. Both by experiment and from the propagation model, the gain in this waveguide was obtained as a function of pump power. As a pump source a 1480nm pigtailed laser diode was used, with a maximum of 30 mW coupled into the fibre. The pump power was launched into the integrated optical amplifier with an efficiency of 7%. The resulting curves are drawn together in Fig. 7 . The pumped waveguides show a clear luminescence at 980 nm and 554 nm, demonstrating two-photon upconversion and also indicating that three-photon processes occur.
In the model calculations the upconversion coefficient k2 was used to fit the simulation results to the experimental curve. [27] . The value of k2 depends considerably on the value of the background attenuation "/bkg used in the simulations. Whereas the background loss is determined with an uncertainty of about 15%, the upconversion coefficient k2 will show at least the same error.
Design
When designing a waveguide amplifier, several goals can be set, depending on the application of the optical amplifier. Design objectives considered in this section are: Low threshold power, i.e. minimum pump power required to overcome the background losses and so produce a virtually lossless waveguide. 3 dB gain. This is interesting for application in lossless integrated optic splitters. Maximum gain at minimum pump power, which is important for use as a power amplifier.
In this section optimum values will be determined for waveguide length, erbium concentration and pump power, to achieve the proposed design goals. The amplifier geometry is 
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not varied because it has to be considered in relation to other aspects besides the amplifying characteristics. For example, waveguide width and thickness are related to the coupling efficiency of the pump power into the integrated optical amplifier and influence ordinary waveguiding properties, which are often determined by the utilization of the amplifier. However, the rather high refractive index and low film thickness of the Y203 waveguiding layer used in the design already result in a relative high intensity of the guided modes. The dopant distribution is also kept constant, because at the moment it is predetermined by the waveguiding layer owing to technological constraints. The other input parameters of the model will be taken as measured in Section 3 and are listed in Table II .
Constraints that will be used in the designing process are the maximum available pump power of 30 mW of our diode pump laser and a maximum length of 6 cm of the waveguide, which is the maximum length of a straight waveguide we can reach on a 3 inch diameter silicon wafer. Also, we will only consider the use of pumping at 1480 nm wavelength.
C a l c u l a t i o n s
In Fig. 8 the calculated gain as a function of waveguide length is shown for an imaginary amplifier where the effects of background losses and exciton transfer processes are neglected. The figure shows a trade-off between optimum waveguide length and erbium concentration, because lower erbium concentrations require longer waveguides to develop the maximum gain. However, the actual value of the maximum gain is independent of erbium concentration. Likewise, the threshold pump power of this imaginary waveguide amplifier is independent of erbium concentration. The threshold power is taken as the pump power that results in 0 dB net amplification at the very beginning of the waveguide.
In further threshold calculations, background losses and exciton transfer processes are included. The results shown in Fig. 9 now indicate a clear optimum erbium concentration exists for minimum threshold power. At low erbium concentrations, the background losses reduce the maximum gain in the long waveguides that are required. On the other hand, high erbium concentrations lead by intensified exciton transfer processes to a reduction of the life- time of excited erbium atoms and increased upconversion (see Fig. 6 ), again resulting in reduction of the maximum gain. The threshold calculations in Fig. 9 are repeated for six values of the background losses from 0.0 to 2.5dBcm -1. For lower background losses a lower optimum erbium concentration is found because a slower development of the accumulated gain in the waveguide is allowed. The erbium concentration may then be lower, avoiding gain degradation by ion-ion interactions. The large effect of the exciton transfer processes on the threshold pump power is illustrated by the threshold curve in absence of background loss in Fig. 9 . It can be seen that the threshold pump power increases from 1.5mW for 0.1at% erbium to 16mW for 2at% erbium concentration. Not only the higher threshold, but also the drastic decrease of the gain due to the appearance of ion-ion interactions, can be observed [18] . For example, Fig. 8 shows a gain of 6 dB for 1.5 mW pump power, an amplifier of 4cm length, 1.0 at% erbium concentration and no ion-ion interactions or background losses, whereas Fig. 9 indicates that for the same amplifier, including ion-ion interactions, 0 dB threshold is reached at 8 mW pump power.
The first main design problem -optimization of the waveguide for minimum threshold pump power -can be dealt with using Fig. 9 . From our measurements we estimated the background loss of the waveguide to be approximately 1.0dB cm -1. From Fig. 9 it can be concluded that the expected threshold power in this waveguide is ~7 mW at an optimum erbium concentration of ~0.35 at%.
Figures 10 and 11 are useful in determining the optimum erbium concentration and waveguide length to meet the 3 dB design objective, again for waveguides with a background loss of 1.0 dB cm -1. The same figures can be used to obtain the maximum gain in a waveguide with optimal length and erbium concentration for the given pump power limit of 30 mW. Figure 10 shows the gain as a function of the erbium concentration for pump powers in the range of 10 to 30mW for the corresponding optimal amplifier length. This optimal length can be deduced from Fig. 11 , where the gain as a function of waveguide length is shown for pump powers in the range of 10 to 30 mW and an erbium concentration of 0.6 at%.
From Fig. 10 it follows that a gain of 3 dB is obtained when approximately 22 mW pump power is used at an optimum erbium concentration of ,.~0.6 at%. The optimum length in this case is ~2.8 cm, as can be seen from Fig. 11 . For 30 mW pump power a maximum gain of ~5 dB is obtained from Fig. I0 at an optimum erbium concentration of ~0.7 at% and an optimum waveguide length of 4cm (see Fig. 11 ). 
Conclusions and discussion
Erbium-doped Y203 integrated optical amplifiers are designed using a comprehensive numerical model. The propagation model presented, based on a three-level system, evaluates the gain of erbium-doped integrated optical amplifiers for arbitrary erbium dopant profiles and waveguide cross-sections. Special features of the model include two-dimensional intensity-dependent overlap integrals, background losses, concentration-dependent lifetime and two-photon upconversion processes. The model does not include ASE, ESA, three-photon upconversion processes or nonlinear refractive indices. However, the results of the propagation model are in good agreement with the gain measurements of Er : Y203 integrated optical amplifiers, showing that the model developed is a dependable tool in the design process. All input parameters for the model are experimentally determined from reactivesputtered Er : Y203 optical waveguides, except for the upconversion coefficient k2, which was obtained by matching with the gain measurements. 
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The main objective of the design study on Er : Y203 integrated optical amplifiers was the optimization of the amplifier with respect to the threshold power at a pump wavelength of 1480nm. A low threshold pump power enables laser diode pumping of the integrated optical amplifier.
The amplifier gain is examined as a function of amplifier length, background loss, erbium concentration and pump power for a given waveguide geometry and erbium distribution. Calculations predict a minimal threshold of 7 mW for an amplifier with 0.35 at% erbium concentration and a background loss of 1.0dB cm -1. Application of the amplifying characteristics to produce lossless splitters requires minimal 3 dB gain, which is achieved for 22mW pump power, an erbium concentration of 0.6 at%, an amplifier length of 2.8 cm and a background loss of 1.0 dB cm -1. For 30 mW pump power a maximum gain of 5 dB is found for an amplifier with an optimum erbium concentration of 0.7 at%, an optimum length of 4 cm and a background loss of 1.0 dB cm -l .
The numerical model predicts only moderate amplifier gains for pump powers available from laser diodes, which is not sufficient for application as a power amplifier. Therefore, the presented erbium-doped integrated optical amplifier has to be further optimized and tailored to obtain satisfactory amplification. Lower threshold and higher gains can, for example, be achieved by: (1) Reducing the background losses of the erbium doped waveguides. A threshold of 5 mW is expected for a background loss of 0.5 dB cm -1, which should be possible for Er : Y203 waveguides using improved fabrication techniques. (2) Maximizing the modal pump intensity by using optimal waveguide dimensions. However, smaller dimensions also reduce the coupling efficiency of the pump power into the amplifier. (3) Matching of the optical fields with the erbium dopant profile. This requires a graded distribution of the erbium dopant, which can easily be achieved by the applied fabrication method of the Er : Y203 waveguides.
However, efficient pumping, possibly even erbium concentration for integrated optical these high erbium concentrations the gain is for optimized amplifiers, needs a rather high amplifiers of a few centimetres length. At significantly reduced by ion-ion interactions. Sensitizing with ytterbium [26] to improve the pump efficiency might be the most promising way to obtain efficient high-gain erbium-doped integrated optical amplifiers.
